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ABSTRACT

W extend the previous studies of intense hydromag-
netic waves at Giacobini-Zinner to investigate the
mode and direction of wave propagation. Simultane-
ous high-resolution measurements of electron den-
sity fluctuations demonstrate that the long period
(~ 100 8) waves are propagating in the magneto-
sonic mode. Principal axis analyses of the long
period waves and accorpanying partial crotations
show that the sun of the wave phase rotations ls
360°, Indicating that both are parts of the same
wave oscillation. From the time sequence of the
steepened waveforms ohserved by ICE, we demonstrate
that the waves must propaqate tawards the Sun wirh
Cph ¢ Vg All available observations are consis-
tant with wave generation by the rescnant lon ring
or lon beam instabllity which predicts right-hand

polarized waves propagating i{n the ion beam (solar)
directlon.

The large amplitudes &B/|B|~0(1) and mmall scale
slzes (rotationa: discontinuities) of the cometary
waves sugqgest that rapid pitch-angle scattering and
energy transfer with enargetic ions should occur.
Since the waves ars highly compressive, a|8|/|B|
* 0(0.5;, one can algn anticipate first-order Fermi
acceleration.

Keywords: MHD waven, Glacobinl-Zinn~r, ICE, plasma
{natabilities.

1. IHTHLCTION

High-1ntensity MHD turbui::nce as large as 104 nT2M2
was discovared by the mignetcanster and plasma in-
strument on board the ICE spacocraft ovar an extend-
o« (> 105 km) reyion surrounding cenet Giacoblni-
tinner (refs. 1-4). Similar turbulenca has also
boen briefly reported an a feature of the msolar
wind irteraction with canet Halley (Refs. 5 and 6)
Cor Sakigake and Gintto olnervations, respactively.

It is the purpoun of this paper to extend tho pre-
vious work of Tsurutan! and fnith (refs. 2-3) by
exanining winultaneous plamma and field data ln an
attempt to identify the mxln of the long paried
wvaven. Additionally, ww will discuns the cause and
tate of wava steepuning and demonarrate how thase
steapened waves unirmely {dentify the dirgcetion of
propagation and the menue of wave polarization in
the plamma frane, LIt will bs mhown thav all avaiil-

able observational evidence is consistent with the
long period emissions being right-hand polarized
magnetosonic waves generated by the anamalous cyclo-
tron resonance with pick=-up lons.

2. OBSERVATIONS

The magnetic field and electron data have been
{ntercampared for the entire encounter interval.
It was found that the correlations were often mixed
with no obvious or consistent feature readily appar-
ent, with one noticeable exceptior. At and near the
{nbound bow wave there was a remarkable correlatlon
betwean tho magnetic fleld magnitude ond plasma
danaity. This is alzo the rcglon wheiw Uiy waves
have their largest amplitudes, are most compressive
and most poricdic, This is illustrated in Figur.
l. Over the interval 1illustrated, there is a
strong correlation between B2 (and, of sourse, also
B) and N. Increases and decreases in B4 are accom-
panied by simultanecus increases and decreases in
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Figqure 1.

A comparison of tha varlations in mag-
nntle field magnltude squared (In black)
and alactron plasa donaity (in red).

For tha intarval {lluntrated, the twn
paramtorn are strnngly correlatnd, in-

- dicating that the tluctuationn are fant
rexie MHD wavas,



N. The remarkable correlation between density and
magnetic field is congistent with the compressive
oscillations of fast-mode waves. It will be chown
below that all available observational data supports
this incerpretation.

The gpatial dependence of the cametary waves at
Giacobini-Zinner (as discussed in ref. 3) have been
investiqated. A schematic of the results 1s illus-
trated in Fiqure 2. At large distances (~ 106
km) from the comet, the observed magnetic fluctua-
tlons are predominantly due to elliptically polar-
ized, long-period hydromagnetic waves (see 0321-
0324 UT example at a distance ~ 5.5 x 10° km fran
the nucleus). At these distances, there is little
evidence for the presence of high frequency wave
packets or partial rotations. At closer distances
(~ 3.9 x 105 km at 063:3-0636 UT), the waves are
more comrpressive and there is a mixture of both
partial rotations and high freguency wave packets
agsociated with the magnetic corpression of the
long period waves. Shown in the upper right of the

figqure are exarples of high frequency wave packets
at the wave campressions. This latter interval,
0913-0916 UT, ls when ICE was in the bow wave, lo-

cated at a distance ~ 105 km fram tle comet nucleus
(ref. 1).

Figure 1.

This Interval was also lllustrated in
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Figure 2. The MHD wave charucter as a function of

distance frexn the camet. The scale s
lineac.

High time resolution (3 vectori/s) data were ana-
lyzed for the above examles and the results of
principal axis analysea (ref. 7) are illustrated
in Figure 3. The standsrd notatlon of By, By and
8) are used, denoting the fleld corponents (n
the maximum, intermediate and minimm elgenvector
directions.

The principal axes projectiecn of a long purin) wave
and a partial rotation at the magnetic conprossion
are {llustratex) at the top lofL and cantral por-
tions of the E{quran, respectively. Tha tim inter-
vals aru 0634150 to 0619120 aml 06)%120=06)5:10 UT,
nammly twn conancutive intervala,  Feam the top
panels, it can be neon that the lomg poriol wave
has a ~ 180* clreular rotation and the pactial
rotation connists of a further 180° rotation {n the
sam aunse.  Thus the long pwriod wave plus the fol-
lowing partial rotatlon add up to ~ 160° 1n rota-
tion. Ynth rotations are planar (as shuown In lower
parals),
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Figure J. Principal axis analysis results of wave

examples shown In figure 2. The left-
hand colunn and central column panels
are the principal axis components of a
long period wave and of the folloring
partial rotation, respactively. The ho~
dogran at the top shows that each con-
sists of ~ 180° rotations.

2.1 Wave Stewpening

Let us tirst consider the implications of having
large amplitude fast-mode waves generated in the
plasma. Without additional constraints on the me-
chanimm of wae generation, the waves can, In prin-
clple, propagate with velocity Coh either toward or
away fran the Sun {n the plasma (rame, as 1illus-
trated In Figure 4. In a corpressibiv medium, wave
steepening will occur raturally as a direct consa-
guence of the change in wave phase speed G,n due to
the prosence of large amplitude fluctuatic:s. The
rate of stecpening is primarily cmntrolleu by the
density fluctuations 40/, or comressibility of
the madiun (ref. 8). In the viclnlty of the bow
wave whore 8p/p ~ O(1), ona can thus oxpect very
rapid steepening for large amplicude camressional
waves. Typical stoepening lengthu are on the order
of onn wavelength.

To reconcile tiils anticipated apatial structure In
the plamna frame with the temporal structurr ob-
sorved, w muat consider four distinct posstibili-
tivs, The waves can propaxate elther towmrd or
away from the Sun (n the plamma framm at velocitlos
larger or smaller than the molar wind. For fast-
m '~ waves, stsoponing uccurs at the leading wdge.
Of tha four pnasible terrwral aignatures shown in
Figuen 4, only ono casa la) {8 consistent with the
obrervations by ICE, an shown [n Flepre 5 (oee alao
exymplas in Flgure 2 and ref. 7). Namely, the waves
mint propagaty toward the Sun with Cpyp € Vg The
large amplitixle waven dotectnd by 1CE mst therafore
be goneratm! upstraan of the mpacecralt aml sulse-
quently b hlownm back over lt.  Furtheomree, aln:o
Vhw 2 Cyhe the menee of the obaorved wave polariz-
ation will e oppesite to that [n the plamna frame.
Thua the wavon will be right-hand polacizad in the
plarma fram, consistent with the pruvioun detar-
mination that they are magnetosonic in  nature,
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Figure 4, A schematic illustrating several possi-

bilities of wave propagation: a) waves
propagating towards the sun in the plamma
frame, but are convected in the anti-
solar direction in the inertial (space-
craft) frame, b) waves propagating to-
wards the sun in both plasma and iner-
tial frames, c) waves propagating away
fron the sun where < Vgw and d) where
Coh > Vgw- Only one of the four panels
is consistent with waves detected by ICE,
nanel a.
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Fipre 5. Examplen of atewpmned long pociod waves

and the  ovcurrence of high  fredquency
wave packets or partlal rotatinna at
the stoepnmad @dgos. Note that thn wave
packets or partial rotations occur at
the comproanive wdae of the long perind
wavan.

The ateepening of tha comressive hydramagnetic
waves at and near the bow wave also offers a na
tural explanation for the observed polarization of
the large amplitude waves as sketched in Figure 6.
If the waves are assumecd to be basically circularly
polarized prior to steepening, the change in phase
speed due to the campressive portion of the large
amplitule wave will tend to elongate the sjinusgidal
oscillation into a predaminantly "linear portion®
followed by a rapid partial rotation at the lead-
ing edge of the steepened waves (ref 9).
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Figure 6. A schematlc of an initial salnusoidal

wave (panal a) and a nonlinear stoepened
wave (b). The wave is propagating to the
lel*. The steepened wave apiears as a
fast phase rotation (rotational discon
tinulty) followed by a lonqer-meriod,
8lower rotatlion.

The above Ls qualitatively cunsistent with obseiva-
tionn. T™n sanse of this rapid rotation daterminnd
by analysis of ICE data Is always left-handed, but
since the wave poiarization will be reverssd by the
rapld solar wind convectlon (Vgy > Cpp), thi waves
will b righc-hand polarize) rn the plasma frame.
This is also conslstent with fust-nxle propagation
temards the solar direction,

3. SUMMARY AND CONCLUSTORNS
The above abservationn can be explained frgn a

aimple malel of camtary fon plek-up by the eolar
wind, For typleal interplanetary magnetic €leld



arientations relative to the solar wind velocity
(a » 45°), the Vgy x B electric field accelerates
the freshly produced ions to moderace kinetic ener-—
gies. Particles will attain a gyvro velocity of Vg,
sin o and a parallel velocity of Vg, cosa Ln the
solar wind frame relative to the IMF. This helical
baam of jons will be unstaple to a resonant gyrat-
ing ring instability (refs. 10-13), The waves assoc-
iated with this rescnant 1nstabllity will have a
right-hand sense and will propagate parallel to, but
slcwer than, tne 1on beam, The waves will therefore
have Cpp < Vgy and De blown back by solar wind con-
vection. The above scenario 18 congistent with all
of the observations presented in this paper.

Steepening of tne waves to form a long periad
“linear® wave and a high frequency partial rotation
(rotational discontinuity) was dermonstrated to be
consistent with fast-mode wave propagation in a
high 8 (~ 2.5) plasna. Near the bow wave, the
greatest contribution ro the plasna pressure 13 the
hot cametary pick-up iona. (bserved wave steepening
13 well correlated witn the expected rate of change
of 8 with increasing distance from the comet.

4. FINAL COMMENTS

wWe have attenrpted to better define the camatary MHD
wave modes SO that space plasma pnysicists can make
further advancements in our understanding of rhe
overall solar wing-camet interaction. Specifical-
ly, scme of the emergqing (future) problems are:
1) a better understanding of the growth, saturation
and darping mecnanisms of the nonlinear cometary
waves. The sinx for the enormous w~ave energy ls
presently unexplored. 2) Present wave-particle
scattering theories c¢o not adequately adirees pan~
ticle interactions with nonlinear waves with these
characteristics. The waves have large amplitudes
(aB/|Bl~ 1), they are strongly campressive (a]|B|/
IB[~ 0.5) and the steepened campressive wave fronts
have scale sizes much gmaller than the cametary
10n gyroradit (implying rapid particle scactering).
Furthermore, because of nonlinear wave steepenir;
(the leading edge of tre wave attains g faster rate
ol rotation while the trailing portion becanes elon
gated), particles responsinle for generating the
waves will soon fall out of resonance. J) Stochas-
tic Fermi acceleration of enargctic particles (both
solar wind protons and caomtary heavy ions) is pro-
bahly occurring (refs. 14-15). Basides standard
second-order stochaatic acceleration, flrst-order
acceleration may b» important due to particle in-
teraction with the shock-like (carpressive) wave
atructures. 4) The development of the Kolmogorow-
lixe spectrum (tne .?pectral shape fran the Hy0" ~y-
clotron peak at 107 H, to higher freguencles is re-
latively smooth an displ-‘lyl a~ f dependance)
is 1ntriguing and 13 ya* u..explained. Because of
the nonlinear nature of many o" the above problems,
computer simulationsn may be tha bese (an' pomatbly
only) approach.
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